In this paper, we analyze the variability of the ozone concentration over São Paulo Macrometropolis, as well the factors, which determined the tendency observed in the last two decades. Time series of hourly ozone concentrations measured at 16 automated stations from an air quality network from 1996 to 2017 were analyzed. The temporal variability of ozone concentrations exhibits well-defined daily and seasonal patterns. Ozone presents a significant positive correlation between the number of cases (thresholds of 100-160 μg m −3 ) and the fuel sales of gasohol and diesel. The ozone concentrations do not exhibit significant long-term trends, but some sites present positive trends that occurs in sites in the proximity of busy roads and negative trends that occurs in sites located in residential areas or next to trees. The effect of atmospheric process of transport and ozone formation was analyzed using a quantile regression model (QRM). This statistical model can deal with the nonlinearities that appear in the relationship of ozone and other variables and is applicable to time series with non-normal distribution. The resulting model explains 0.76% of the ozone concentration variability (with global coefficient of determination R 1 = 0.76) providing a better representation than an ordinary least square regression model (with coefficient of determination R 2 = 0.52); the effect of radiation and temperature are the most critical in determining the highest ozone quantiles.
Introduction
Air pollution is recognized to be an important problem that is affecting public health and responsible for a variety of health effects (Künzli et al. 2000; Landrigan et al. 2018; Leiva et al. 2013; Levy et al. 2005; Monn 2001; Pope et al. 2002; van Zelm et al. 2008; Weschler 2006; WHO 2016) .
Tropospheric ozone (O 3 ) is one of the air pollutants with major concern globally. Several studies have shown that the increase of the exposure to high ozone concentrations is followed by the increase of the daily mortality and f the number of heart diseases (Karthik et al. 2017) . High concentrations of ozone are related to increasing of the daily mortality by 0.44% for each 10 ppb change in the hourly maximum ozone concentration (Anderson et al. 2004) , affecting mainly children (Arjomandi et al. 2018; Di et al. 2017; Grivas et al. 2017) , people with asthma or other lung diseases (Goodman et al. 2018) , and also the part of the population leading to adverse health effects including the reducing of lung function, increased respiratory symptoms, and pulmonary inflammation (Hwang et al. 2015) . Ozone also has affected negatively crops and trees, reducing productivity both directly through oxidative damage (which lead to reduction of the photosynthesis and consequently reducing the growth rate and carbon sequestration) and indirectly through its role as a greenhouse gas (Felzer et al. 2007; Ainsworth 2017) .
Ozone is a secondary pollutant, which means that it is not directly released into the atmosphere, but formed by a chain of photochemical reactions that depend on the availability of Responsible editor: Gerhard Lammel * Daniel Schuch schuch@usp.br incoming solar radiation and on the concentrations of many primary pollutants (directly released into the atmosphere) such as volatile organic compounds (VOC) and nitrogen oxides (NO X ). Once in the atmosphere, the ozone is directly affected by many physical processes of transport (turbulent mix, transport from upper levels of the atmosphere, advection by the mean wind and dry deposition). Changes in the vertical temperature gradient influence the stability and then the turbulent mixing in the atmospheric boundary layer (ABL) and, therefore, the ozone concentration near to the surface. Mesoscale systems like the mountain-valley, urban heat islands, sea breeze circulations (Freitas et al. 2007) , and synoptic-scale winds, such as those found in frontal systems (Nair et al. 2004) can act on the transport of ozone and its precursors producing high ozone concentrations far away from the location of the primary pollutants sources. The presence of clouds contributes to modifying ozone production chain, reducing the available solar radiation, which drives the chemistry of the atmosphere by dissociating a number of molecules in fragments that are often highly reactive and also by heterogeneous reactions, which droplets and ozone precursors are removed by wet deposition. The region of the São Paulo Macrometropolis is one the greatest urban conglomerates in the world that emerged through the process of conurbation between metropolitan areas inside the state of São Paulo with a total number of inhabitants of approximately 33 million people. The São Paulo Macrometropolis comprises the Metropolitan Area of São Paulo (MASP) and other urban areas, having 33 million inhabitants (IBGE, 2018) , where high levels of ozone concentration become a critical health problem. shows extreme value analysis for pollutants for this region and found that the probabilities of occurring concentration above thresholds of ozone are more frequent on summers, while other analyzed pollutants are higher in winter.
Despite the emission control policies, high levels of ozone are still being observed (Pérez-Martínez et al. 2015; Carvalho et al. 2015) over São Paulo, which is a critical public health problem in MASP. Andrade et al. (2017) pointed a decreased in maximum ozone concentration in São Paulo between 1996 and 2006, besides an upward trend was observed after 2006. The analysis already conducted considered the average value of ozone concentrations at different air quality stations from the State Air Quality Network, not discriminating by different sites characteristics, e.g., urban, industrial, and near roads. Therefore, a deep analysis of all dataset available is necessary to investigate this possible trend, as well as to understand the factors that are influencing this ozone behavior. In this direction, this work seeks to analyze the variability of ozone concentrations measured in the region, in order to address these issues.
Methodology

Study region and dataset
The São Paulo Macrometropolis contains 174 cities covering an area of 53400 km 2 and is being one of the largest urban agglomerations of the southern hemisphere. With a high socioeconomic importance, this region concentrates high technology industries, diversified commerce, and the most productive agroindustry. It covers the Metropolitan Area of São Paulo (MASP), Baixada Santista (BS), Paraíba Valley (PV), Metropolitan Area of Sorocaba (MAS), and Metropolitan Area of Campinas (MAC), including also the Urban Agglomerations of Jundiaí and Piracicaba. Figure 1 shows a map of these regions, and the location of the sites of CETESB network used in this analysis depicted as colored circles.
The MASP is located between two mountain chains ("Serra da Mantiqueira" and "Serra do Mar") with approximately 750 m of altitude, 60 km from the seashore, and being the wind regime in the region strongly influenced by mesoscale phenomena such as sea breeze, urban heat island, and mountain-valley circulations (Freitas et al. 2007) .
Hourly O 3 , NO, NO 2 , and CO concentrations measured at 16 automatic air quality monitoring stations from 1996 to 2017, provided by the São Paulo State Environmental Agency network (CETESB 2018) , are used in this study. The sites are related in Table 1 , along with the lat-long coordinates, the metropolitan region that it is part of, the first year of data available to each site, and the classification of the station taking into account the sources of pollutants that influences the concentrations measured and the exposure of the population, using the criteria from the United States Environmental Protection Agency (EPA 1996) and the World Health Organization (WHO 2000) .
I industrial, R residential, C urban central, V vehicular The industrial stations (I) are on areas where industrial sources have a major influence on the concentrations observed; (R) states for stations located in residential and suburban areas; (C) represents commercial stations in central urban areas, areas of commerce, with great movement of pedestrians and vehicles; vehicular stations (V) are located near a traffic lane. Some stations fall into more than one class.
Meteorological data from a weather station of the Institute of Astronomy, Geophysics and Atmospheric Sciences from the University of São Paulo (IAG-USP) were used to obtain climatological averages of rainfall, temperature and global solar radiation using data from the period of 1933 to 2017 (IAG 2018).
Model description
A linear regression model (LRM), also known as ordinary least squares, is a linear approach to modeling the relationship between a dependent variable and one or more independent variables. The model assumes the homoscedasticity (different values of the independent variables produces errors with constant variance, regardless of the values of the independent variables) that is invalid for the most practical cases (Baur et al. 2004 ). Baur et al. (2004) propose a similar approach, which is called quantile regression model (QRM). Besides the measure of the central tendency, the method considers the full distribution of the dependent variable when estimating the potential differential effect on various quantiles. The QRM does not make assumptions about the data distribution allowing the covariates to have different impacts on data distribution considering different points (heteroscedasticity). In this way, QRM considers the nonlinearities existent between variables.
Using O 3 concentration as dependent variable and the concentrations of CO, NO, NO 2 , wind speed (U), global radiation (Rad), and the temperature (T) as independent variables, LRM Eq. (1) and QRM Eq. (2) can be obtained as below (Reimann et al. 2008) : 
where p denotes the pth quantile with 0 < p < 1, β 0 is the constant of intercept, β 1 to β 6 are the slopes (gradients) of the independent variables, which are determined using each time of the entire data, and ε is the error.
The trends in the sections 3.4 and 3.5 were calculated using the robust estimate of slope for this nonparametric fitted line, and it was described by Henry Theil in 1950 (Theil 1992 ). An estimate of the intercept is also available (Conover 1980) . Together these define an estimate of a complete linear equation on the form of Eq. (2), but this estimate is made by comparing each data pair in a pairwise fashion with the advantage of being independent on the data distribution (Helsel and Hirsch 2002) .
Results and discussion
Air quality variability
The establishment of air quality standards must be based on scientific knowledge in order to provide a foundation for protecting people health from exposition of high ozone concentration. The Air Quality Guidelines for Europe (WHO 2000) set the limit values for ozone exposure levels to 120 μg m −3 (using 8-h moving averages). However, studies have detected that health effects occurring at concentrations below this limit (Karthik et al. 2017) . In 2005, WHO Air Quality Guidelines (AQG) has reduced the limit from 120 to 100 μg m −3 on a daily maximum 8-h moving mean (Krzyzanowski and Cohen 2008) . In Brazil, the limits to atmospheric pollutants, the National Air Quality Standards (NAQS), are determined by the National Council of Environment (CONAMA), and the limit for ozone concentrations was changed in 2018 from 160 μg m −3 for hourly mean (CONAMA, 1990) to 140 μg m −3 for 8-h mean (CONAMA, 2018) . For the state of São Paulo (SP), since 2013, the limit is determined by São Paulo State Government, and currently, it is equal to 140 μg m −3 for 8-h moving average and there is a plan in the future to change it to 130 μg m −3 , 120 μg m −3 , and then to 100 μg m −3 as final guidelines, besides there is no deadline for these changes to happen (ALESP 2013). Figure 2 shows the number of days per number of stations, which recorded concentrations that exceeded different reference values over São Paulo Macrometropolis. The full (red) line was made by summing the number of days a station exceeds 160 μg m −3 for hourly mean values divided by the available number of stations for each year, while the dashed lines were made with the limits of 140, 120, and 100 μg m −3 , respectively, using 8-h moving averages (mean values were calculated for each 8-h interval, if at least 6 h of data are available). Figure 3 shows the number of exceedances by station using different limits (hourly 160 μg m −3 , 8-h mean average of 140, 120, and 100 μg m −3 ). The blue bar shows the normalizing 
where O i is the number of occurrences (showed in white in Fig. 3 ) for that given limit i, f is the fraction of missing or unavailable ozone concentration data, and O i is the normalizing number of occurrences.
The highest number of days with occurrences of standard exceedances are seen when using the hourly mean value against the lower limit value. The use of moving averages on ozone concentration tends to smooth the maximum peaks. For this study, we choose the hourly limit of 160 μg m −3 , because it represents better the observed variable and the time scales involved. Today, CESTESB states that the current reference value of 140 μg m −3 shows that the ozone problem is smaller, but in fact, although there is a reduction, there are still very high numbers of standard exceedances when comparing with value of 120 or 100 μg m −3 as a reference.
The ozone concentration in a highly urbanized environment like the São Paulo Macrometropolis depends mainly on three important factors with a very distinct nature: the availability of reactants (which determine the formation/destruction of ozone by photochemical/chemical reactions), the availability of energy (solar incidence), and the atmospheric transport. The ozone production is a non-linear photochemical process influenced by the emissions of their precursors, besides the large range reactivity of VOC (Carter, 1994; Jacobson 2005 ). In addition, the atmospheric variables have a wide variety of time-scales as follows: the atmospheric temperature and stability at the surface level (inside the planetary boundary layer) has a time-scale of 1 h or less (Stull 1988) , while the mesoscale phenomena like urbanheat-island, mountain-valleys, and sea-breeze circulations exhibit a daily pattern (Bluestein 1992) , and synoptic-scale responsible for severe weather systems, such as heat waves and cold front passages, causing precipitation and nebulosity and having a scale greater than a day (Holton 2004) . Even the influence of intercontinental oscillations, like the El-Niño or the Pacific decadal oscillation (PDO), could affect the local temperature, humidity, and wind at the time-scale of several years (Capotondi et al. 2015; Mantua et al. 1997 ). In the next sections, the variability of ozone at different scales is analyzed. Figure 4 shows the variability of hourly concentration of O 3 , NO, NO 2 , and CO for 1996-2017. NO 2 is the only known molecule to photodissociate in the presence of the radiation with the wavelength available at troposphere releasing an oxygen atom, which combine with oxygen molecule to produce ozone. NO can consume this ozone in an unpolluted atmosphere. In general, the following pattern is observed along all CETESB stations: high concentration peaks of ozone in the afternoon are preceded by lower concentrations of NO in the morning. This is a classical behavior of ozone and their precursors observed in urban areas, showing the chemical relation among these species (Fig. 4) . Figure 5 shows the daily patterns of radiation (gray bars), temperature (red line) at Paulinia station, and traffic activity (black line) calculated from traffic counts of toll stations located in São Paulo city, for summers and winters of 2012, 2013, and 2014. The gray lines correspond to passenger cars (PC), light commercial vehicles (LCV), motorcycle (MC), and heavy-duty vehicles (HGV).
Daily variability
The combustion from engines is a direct source of nitric oxide (NO), nitrogen dioxide (NO 2 ), and CO, while the VOC can be emitted by the process of exhaust (through the exhaust pipe), from liquid (carter and evaporative) to vapor (fuel transfer operations). These anthropogenic emissions are directly affected by the activity of the traffic in each metropolitan region as well as by the flow of vehicles between different metropolitan regions and the fleet characteristics such as the type of fuel and years of use.
The daily patterns in Fig. 5 are typical profiles that can be observed along all stations for temperature and radiation. An interesting information that can be obtained from Fig. 5 is that the classical description of the traffic activity that should be a Gaussian distribution with two peaks of traffic flow at morning and night hours is not observed (with exception of the motorcycles case). Instead, the flow seems to be distributed from 6:00 until 18:00 local standard time (LST) in a different pattern. The traffic behavior changed in recent years and can be a factor to be considered in the ozone pattern.
The ozone daily patterns are typical with peak of ozone around 14:00-15:00 LST. As well established in the literature, the daily ozone concentration is controlled primarily by the Fig. 4 Hourly mean concentration of ozone, nitrogen oxides, and carbon monoxide weather patterns of radiation and by the precursors. The precursors of ozone are primary pollutants emitted by different processes such as combustion (anthropogenic and natural) and biogenic (from vegetation) from many sources, but in a highly urbanized environment such as MASP, the majority of these pollutants come mainly from the vehicular sources (Andrade et al. 2012; CETESB 2014; Gaffney and Marley 2009; Nogueira et al. 2015; Ibarra-Espinosa et al. 2018) . In urban areas, where the VOC-limited photochemical regimes have usually encountered, the photochemical reactions involving non-methane volatile compounds (NMVOC) are considered as one of the major precursors of ozone (Fujita et al. 2003; Qin et al. 2004; Silva Júnior et al. 2009 ), which is also the case of São Paulo Macrometropolis (Andrade et al. 2017; Martins et al. 2008; Orlando et al. 2010) .
The role of VOC on ozone formation is the focus of many studies dedicated to the São Paulo Megacity (MSP). Brito et al. (2015) present the impact of ethanol usage on vehicular emission ratios of VOC. Nogueira et al. (2014) analyzes the impact of the use of ethanol or gasohol by flex vehicles using 2 years of experimental data with measures of ozone, NO X , and VOC. Nogueira et al. (2015) analyzed data from experimental campaigns on road tunnels, and Dominutti et al. (2016) studied the biofuel effect on VOC burden and composition and showed that the seasonal variation of the potential for ozone formation from VOC is higher on winter and lower in spring. Alvim et al. (2018) determined that the aldehydes are the main VOC ozone precursors and their importance in terms of reactivity and availability in the MASP.
Seasonal variability
The climate in the São Paulo Macrometropolis can be summarized between the warmer and wet summer and dry winter.
The hourly mean concentration of ozone (as the NO and NO 2 ) exhibits a comparable seasonal behavior as shown in Fig. 6 . Figure 8 shows the mean concentration (full lines, first axis at left) of ozone (red), NO (green) and NO 2 (blue) for all stations, their extreme values (dotted lines, second axis at left), and the total number (gray bars, right axis) of days that every station registers an occurrence of ozone concentration greater than 160 μg m −3 by each month. The mean and extreme values for ozone concentration are higher in October and lower from April to June. A local maximum and extreme concentrations were present on February and March. The NO and NO 2 have an opposite behavior compared with ozone, being high values of ozone observed when low values of NO X are present. The ozone concentration seems to have a very different seasonal behavior from the relative ozone formation potential. The main reason for it is that this reaction depends strongly on meteorological factors. Figure 9 shows the climatological averages of global solar radiation (black line), hours of sunlight (gray dashed lines), rainfall (blue bars), and temperature (red line) for the IAG-USP meteorological station using data from the period of 1933 to 2017.
The months from December to February are the months that concentrate most of the annual rainfall while the months of June to August are the driest months. The spring and summer are the seasons with the higher incidence of solar radiation and highest temperatures, which are factors that contribute to the ozone formation. The annual peak of temperature shown in Fig. 9 occurs in November while February has the highest radiation month. The presence of convective instability in the warmer months causes precipitation and cloud formation which reduces incident solar radiation and provides vertical transport of heat from the heated surface to higher levels of the atmosphere. October is the most critical month with relation to the number of cases and mean and maximum ozone concentration; the photochemical process of ozone production needs radiation with λ < 243 nm. This radiation is not available at certain weather conditions such as rainy or overcast days. The total hours of sunlight does not provide this precise information but can be used as an indicator of the amount of sunny days with a few clouds, which is a good condition for ozone formation.
The annual cycle of ozone is strongly influenced positively (increasing the concentration) by variables such as solar incident radiation and air temperature and negatively (decreasing the concentration) by precipitation, which can affect concentrations indirectly, through an efficient process of wet removal of ozone precursors and directly by heterogeneous reactions on water droplets, that reduce the incident radiation (because the associated nebulosity) and temperature (through cold air advection), which reduces the ozone production. The spring and summer season concentrate the majority of ozone concentrations that exceed 160 μg m −3 with 41% and 34% when winter and autumn had 16% and 9% of the cases, respectively. Figure 10 shows the annual maximum concentration of ozone (full lines), the trend (dotted line) split by season (with different colors), and the 95% confidence interval of each regression, showed as the shaded area around the dotted lines. The trends were calculated by a linear model using the time as the independent variable. The ozone maximum trend (Fig. 10a) shows a decreasing average of 2.41 μg m −3 by year (with the linear trend of − 2.41 for spring, − 2.48 for summer, − 1.7 for autumn, and − 4.98 μg m −3 year −1 for winter). Figure 10b shows the annual mean concentration of ozone and the trend by season. The spring and summer show a significant upward trend of 0.16 μg m −3 year −1 (with the linear trend of 0.16 for spring, 0.20 for summer, 0.07 for autumn, and − 0.14 μg m −3 year −1 for winter).
Long-term variability
The ozone concentrations have a nonlinear behavior, and a simple linear model do not describes the variability for this variable. The exception is the decrease of ozone maximum at winter. For this reason (and from previous discussions), we apply the quantile regression model to our data.
The QRM and LRM regression coefficients are depicted in Fig. 11, 0using ozone as the independent variable and CO, NO, NO 2 , wind speed, global radiation, and temperature as dependent variables at Ibirapuera station by the Barrodale and Roberts "BR" algorithm for computing this fit (Koenker and D'Orey 1987) . Figure 11 shows the quantile regression outputs represented by dashed-dotted line with their 95% confident intervals alongside with the ordinary least square regression output indicated by solid line along with its 95% confident interval. In quantile regression, we chose the values of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 0.95 for quantiles Fig. 6 Hourly mean concentration of ozone and nitrogen oxides for different seasons Fig. 8 Climatology of the monthly averages of the incoming solar radiation, hours of sunlight, precipitation, and temperature The effect of CO on ozone (Fig.11a ) is significant for quantiles between 0.5 and 0.8, which shows that CO have negative association with ground-level ozone (negative values in the Fig. 11a ), an increase of ozone levels can be associated to decrease of CO concentrations at certain range of ozone concentration, which explains the significant negative correlation.
The effect of NO (Fig. 11b ) on ozone concentration is significant for almost all quantiles but with a different signal depending on the ozone concentration. The change on signal can be explained for changes on the photochemical process when there is enough UV radiation the process showed the formation of O 3 based on the NO X concentrations and when it is the sunset the NO X emitted by the traffic is involved in the reaction of consuming O 3 . On the other hand, the effect of NO 2 (Fig. 11c) is negative and significant for all interval, being maximum at quantile 0.7.
The wind speed (Fig. 11d) effect, as the effect of the global radiation and temperature (Fig. 11e, f) , are significant for all quantiles. The wind speed in the particular case of the Ibirapuera is related to the transport of ozone (as its precursors) from the vicinity and global radiation and temperature are directly related to photochemical process of ozone Fig. 9 Annual maximum (a) and mean (b) concentration for ozone by season production during the day and its destruction at night, which is being more important at higher quantiles.
The coefficient of determination R 2 is a portion of the variance of the dependent variable that is predicted by the independent variable, and it is used as a measure of how well a model explains and predicts the variable of interest. In QRM, the equivalent measure of the coefficient of determination (R 2 ) is represented by the local coefficient of determination R 1 (τ) and its values, such as R 2 , lies between 0 and 1 (Koenker and Machado 1999) . The R 2 measures a global goodness of fit over the entire conditional distribution, whereas R 1 (τ) measures the local performance of the model for a given quantile (τ). R 1 (τ) values for quantiles from 0.1 to 0.95 are shown in Fig. 12 , which are comparable to R 2 (gray-dotted line).
The global coefficient of determination (denoted by R 1 ) was calculated for the QRM as suggested by Baur et al. (2004) . The first step in the estimation of R 1 is to determine quantile regression coefficients. The test dataset (ozone concentration of the Ibirapuera station from 1996 to 2017) was divided into 10 equal subsets according to the quantile values. Ozone was predicted using QRM and combined into one dataset order from 0.1 to 0.95 quantiles. Finally, predicted (estimated by QRM) and observed ozone (measured at Ibirapuera station from 1996 to 2017) were compared. Figure 13 shows the predicted ozone against the observed at Ibirapuera monitoring station from 1996 to 2017. The scatterplot of the predicted ozone by the LRM (Fig. 13a) shows that the predicted values are underestimated not exceeding 140 μg m −3 . By other hand, the ozone predicted by the QRM (Fig. 13b) is overestimated. The QRM explains more of the ozone variation showing an R 1 value of 0.76 in comparison with LRM, which has R 2 value of 0.52. This indicates that QRM explains the ozone variation (76%) significantly better than LRM (52%). Figure 14 shows the ozone concentration at Ibirapuera site from 14 to 30 September. The black line is the observed ozone, and the color lines are the predicted by the LRM (in green) and by the QRM (in blue). Both models can represent the daily ozone pattern and the influence of the local variables. Figure 15 shows the matrix of correlation between the ozone data (number of days per number of stations that exceeded 160, 140, 120, and 100 μg m −3 limit, mean and maximum ozone concentration) and meteorological variables (global solar radiation, hours of sunlight, rainfall, mean and maximum temperature). Figure 15 shows the correlation of the global solar radiation and hours of sunlight, grouped (i) as the blue rectangle (Pope et al. 2002) , and has the same order (and positive) of the correlation of the gasohol and diesel suggesting that both variables are equally important to explain the ozone trends. The mean and maximum temperature correlation, grouped with the green rectangle (ii), is relatively low. The precipitation and meteorological variables (rad = radiation, insolation, T max = daily maximum temperature, temperature and prec = precipitation), c160-c100 are the number of cases. Fig. 15 Emissions standards for HDV (g kWh −1 ), LDV (g km −1 ) (4-stroke engines), and MC (g km −1 ) influence is related with some features previously discuss in the introduction, such the relation of precipitation and nebulosity that can be visualized by the negative correlation with the number of cases and ozone concentrations along the correlation grouped on the red rectangle (iii).
Vehicular emissions
It has been shown that vehicles are the most important source of ozone precursors in São Paulo (Andrade et al. 2012; CETESB 2014) . Hence, reviewing a description of this source and its controlling actions is of great interest. The type of fuel consumed by the fleet consists of gasoline blended with approximately 27% ethanol (gasohol) and ethanol and diesel blended with 10% of biodiesel. The biofuels come mostly from sugar cane crops. Vehicles that entered in circulation between 1990 and 2007 have engines that consume ethanol. However, in 2003 vehicles with flex engines became available in the marked, these engines are capable of running with gasohol, ethanol or any mixture in between (Giroldo et al. 2005) . In this way, the demand for gasohol or ethanol on flex vehicles depends on the price. As consequence, in the last 15 years, the number of vehicles in circulation increased, being ethanol with 41.5%, gasohol with 52.4%, and diesel with 6.1%.
Regarding the vehicular emissions standards in Brazil, they follow the air pollution control program by motor vehicles (PROCONVE) and air pollution control program for motorcycles (PROMOT), which sets limits for vehicular emissions of light and heavy-duty vehicles, and motorcycles (IBAMA 2011) . Figure 16 shows the exhaust emissions standards for HDV, PC, and MC for NOX and HC and NMHC for new vehicles. All the standards show a pattern of restricting the standards to newer models every few years. HDV are allowed to emit more NOX than HC. In the case of LDV, older vehicles have similar limits around 2 g km −1 ; however, since 1997, the standards for HC was kept constant in 0.3 g km −1 , the NMHC limits started in 2005 with 0.16 g km −1 which dropped to 0.05 g km −1 , and the NOX limits changed till reach 0.08 g km −1 . Figure 16 shows the matrix of correlation between the ozone data (number of days per number of stations that exceeded 160, 140, 120, and 100 μg m −3 limit, mean and maximum ozone concentration), and the fuel sales (gasohol, ethanol, diesel, and total fuel).
This figure shows a significant positive correlation between the number of cases (c160-c100) and the fuel sales of gasohol (gas), ethanol (eth) and diesel (die), as the total fuel sales, grouped on the blue rectangle (i), when the ozone limit decreases the correlation increases, on the other hand, the 
Spatial variability
The time series of mean or maximum ozone does not give a picture of the spatial distribution or the changes in the spatial distribution over time at the São Paulo Macrometropolis. For this reason, the complete ozone time series was grouped in four seasons and analyzed individually by each site (Table 2) .
In Table 2 , we present the tendency of ozone concentrations (μg m −3 year −1 ) for each site by season. Trends with statistical significance (p value < 0.01) are set in italics.
The positive trends occur only in the warmer months of the spring and summer (months that preset typically high ozone concentrations) while the negative ones occur in the colder months. The strongest trends are Santo André-Capuava (which 2.46 μg m −3 by year), Nossa S. do Ó (2.05 μg m −3 by year) and Santana (1.88 μg m −3 by year) with positive (increase ozone concentrations) values and Santo Amaro (-2.28 μg m -3 by year), Parque Dom Pedro II (− 1.74 μg m −3 by year), and Pinheiros (− 1.41 μg m −3 by year) with negative (decreasing ozone concentrations) values. Figure 17 presents the images of spatial location for the MASP sites with their differences in terms of urban structure. Positive trends are indicated by red circles and the negatives by the blue ones. The absolute values (largest value for all seasons) are represented by the circle diameter for the significant trends. The sites that present the strongest negative trends are those with the presence of trees or those in residential areas near the parks. On the other hand, positive trends occur in highly urbanized areas and near to highways, except Moocá station, which is in a residential region with a park in the neighborhood, that exhibit a strong positive trend.
Monitoring stations in the neighborhood of the main streets present with the negative trend for the ozone concentration (the opposite is observed for the distant stations). This behavior would be due to the reduction of NO X and VOC emissions in these regions, which in general, contributes to the VOC/ NO X ratio resulting in a lower amount of ozone. For the stations relatively far away from the streets (with a lower direct contribution of vehicular emissions), the emissions from fixed sources (such as painting activities, factories, restaurants, and other sources) and the lower emissions of NO X contribute to the positive trend of the ozone concentrations.
Conclusions
The concentrations of ozone measured at São Paulo Macrometropolis are summarized and compared with different standards that produce very distinct pictures of the air quality across 22 years of data. The use of 8-h moving averages in the time series of the ozone concentration masks the daily pattern, which is the main pattern observed for this variable, but can be useful for another comparisons, like population exposure and comparison with international standards.
The variability of ozone in different time scales is presented, and the ozone concentrations exhibit well-defined daily and seasonal patterns. The long-term trend of the mean ozone concentration, maximum ozone concentration, or the number of occurrences of ozone concentrations greater than 100, 120, 140, and 160 μg m −3 were investigated, but no clear temporal trend was found. Additional comparison with some climate indexes (ESRL 2018) such as SOI, AMO, PDO, and Madden-Julian (not shown) did not explain the variation of ozone in time scale of many years.
To explain the variability of ozone, we adopted a quantile regression model (QRM) using the hourly ozone concentration measured at Ibirapuera station as a dependent variable and the CO, NO, NO 2 , wind speed, temperature, and incident solar radiation as explanatory (independent) variables, and 0.76% of the variability of the ozone can be explained by these local variables. The QRM analysis presented showed good agreement with observed ozone data and the QRM produces similar results (not shown) when applied for other stations (Cubatão-Centro, Pinheiros, São Caetano do Sul and Sorocaba) presenting the same patterns for wind speed, temperature, and radiation but small differences for NO, NO 2 , and CO.
Some of the individual stations present significant trend of the ozone (both positive and negative trends) over the time series, the positive trends occur in sites in the proximity of busy roads, and the negative ones in residential areas next to trees. These local ozone trends are more likely to be related to changes in traffic and urbanization process that can change how the ozone precursors are released in the atmosphere. Although the results point to a decrease in the ozone concentration in the coldest season in some sites, this does not represent a gain in terms of air quality, since those months are months where this concentration is naturally lower, on the other hand the increase in concentration in the warmer season is an indication that the air quality it is getting worse in these locations and in their neighborhood.
The control of the air quality in metropolitan areas such as São Paulo Macrometropolis can be a challenge, not only because of the nonlinear response of ozone to the changes in emissions or the dependency of many other factors like the weather that are responsible for control the transport of pollutants, precursors and photochemistry, but also mainly because of the strong influence of the human activity in many aspects such as economics (technology, fuel used, and degradation of the vehicles in circulation), transport (intensity of use and traffic congestion), and politics (standards of emissions and limits of exposure).
